Previous studies have found that the width of gamma-ray burst (GRB) pulse is energy dependent and that it decreases as a power-law function with increasing photon energy. In this work we have investigated the relation between the energy dependence of pulse and the so-called Band spectrum by using a sample including 51 well-separated fast rise and exponential decay long-duration GRB pulses observed by BATSE (Burst and Transient Source Experiment on the Compton Gamma Ray Observatory). We first decompose these pulses into rise, and decay phases and find the rise widths, and the decay widths also behavior as a powerlaw function with photon energy. Then we investigate statistically the relations between the three power-law indices of the rise, decay and total width of pulse (denoted as δ r , δ d and δ w , respectively) and the three Band spectral parameters, high-energy index (α), low-energy index (β) and peak energy (E p ). It is found that (1)α is strongly correlated with δ w and δ d but seems uncorrelated with δ r ;
INTRODUCTION
The origin of the gamma-ray bursts (GRBs) still remains unclear though it has been found for more than 40 years and many progresses have been made. Generally GRBs have complex temporal profiles with plenty of pulses and pulse is the basic element of light curves. The pulses for most bursts overlap each other, while there also exist well-separated pulses within some bursts. A lot of statistical studies about pulses have been made because they can provides us valuable clues to the radiation mechanism and underlying processes of GRB. In early statistical analysis, the width of GRB pulses was found to be energy dependent, i.e., the higher energies, the narrower widthes (e.g., Link, Epstein & Priedhorsky 1993) . Using the average autocorrelation function to study the average pulse width, Fenimore et al. (1995) showed that the average pulse width of many bursts dependence on energy is well fitted by a power-law function with the power-law index about -0.4. The result was confirmed by later studies (e.g., Norris et al. 1996; Norris, Marani & Bonnell 2000; Nemiroff 2000; Crew et al. 2003; Norris et al. 2005) . Peng et al. (2006) employed two samples consisting of 82 well-separated pulses to test the relation and found a power-law anti-correlation between the full pulse width and energy. A power-law correlation between the pulse width ratio and energy is also seen in the light curves of the majority of bursts in the two samples within the energy range of BATSE (Burst and Transient Source Experiment on the Compton Gamma Ray Observatory). Recently it is found that this power-law relation can be extended to X-ray bands (see, Zhang & Qin 2008 , Zhang 2008 as well as X-ray flare (Chincarini et al. 2010 ). In addition, Zhang & Qin (2007) showed that the pulse peak time, the rise time scale, and the decay time scale on energy are also power-law functions.
The origin of the dependence of the pulse width on photon energy is still unclear to date. It has been suggested that the power-law relation could be attributed to synchrotron cooling (e.g., Kazanas, Titarchuk & Hua 1998 , Chiang 1998 Dermer 1998; Wang et al. 2000) , which gives a slope of -1/2 between the pulse width and photon energy, similar to the observed -0.4. However, the synchrotron cooling is unlikely to be responsible for the relation due to its too short timescale relative to the pulse width. Under the assumption that the Doppler effect of the relativistically expanding fireball surface (or, in some papers, the curvature effect) is important, Qin et al. (2005) showed that, in most cases, this power-law relationship would exist in a certain energy range, and, within a similar range, a power-law relation of an opposite trend between the ratio of the rising width to the decaying width and energy would be expected for the same burst. Shen, Song & Li (2005) also considered the curvature effect and found the slope of the power-law relation to be -0.1∼-0.2, less than the observed -0.4. These suggest that the curvature effect is an important factor to form the relation.
The observed spectrum of GRB is usually a broken power-law form. The smooth connection of two power laws is the so-called Band function, which can described well the observed spectrum (Band et al. 1993) . Three parameters in the Band function are used to characterize the spectral shape: the low-energy power-law index α, the high-energy power-law index β, and the peak of the spectral energy distribution E p . It is found that the distributions of the power-law slopes of pulse width and photon energy obtained by Peng et al. (2006) and Zhang & Qin (2007) have large dispersions for different bursts, while the GRB spectra also vary dramatically for two different bursts. Whether the energy dependence of pulse is connected with the observed spectrum in some way or not? If it is true, then what does it imply for the mechanism of energy dependence of GRB pulse and whether does it supply some useful clues to the origin of the pulse rise and the decay phase? These motivate our investigations below. In Section 2, we present the sample description and pulse modeling. The analysis results are given in Section 3. We give the possible implications of the statistical correlations in Section 4. Conclusions and discussion are presented in the last section.
SAMPLE DESCRIPTION AND PULSE MODELING
The sample we selected comes from Peng et al. (2010) observed by CGRO/BATSE with durations longer than 2 s, which contains 52 individual FRED pulses with the peak fluxes are greater than 1.0 photon cm −2 s −1 on a 256-ms time-scale (for further information about the sample selection and spectral analysis, see Peng et al. 2009a; Peng et al. 2010) .
In order to investigate the pulse temporal properties, we must model these pulses with a pulse model. A form proportional to the inverse of the product of two exponentials, one increasing and one decreasing with time, derived by Norris et al. (2005) , is a good model to describe the GRB pulses. Thus we select the pulse model to model our selected pulses, which can be rewritten as
where t is the time since trigger, A is the pulse amplitude, t s is the pulse start time, τ 1 and τ 2 are the characteristics of the pulse rise and the pulse decay, and λ = exp[2(τ 1 /τ 2 )] 1/2 .
Similar to Peng et al. (2006 Peng et al. ( , 2009a and Hakkila et al. (2008) we use the nonlinear least squares routine MPFIT and develop and apply an interactive IDL routine to fit all of the pulses, which allows the user to set and adjust the initial pulse parameters manually before allowing the fitting routine to converge on the best-fitting model via the reduced χ 2 minimization. For each burst we require that the signal should be detectable in at least three channels (in this way, the relationship between the pulse width and energy can be studied). The fits are examined many times to ensure that they are indeed the best ones.
We demonstrate the results with the fitting to GRB 950624b (BATSE trigger 3648), in which three well-separated pulses were observed in four BATSE energy channels. The narrow distribution of the fitting χ 2 values per degree of freedom (see, the right panel in Figure 1 ) indicates that the two-exponential model is sufficient to model the pulse light curves.
The parameter values for all identified pulses are obtained, including the pulse peak intensity (A), pulse onset time (t s ), effective onset time (t ef f ), and peak time (T peak ), as well as the two fundamental timescales (τ 1 and τ 2 ) (see Table 2 in Norris et al. 2005 ).
The effective onset time, t ef f , is defined as the time when the pulse reaches 0.01 times of the peak intensity. Both onset times are relative to the burst trigger time. According to the fitting parameters we can obtain the measured pulse temporal properties including the pulse width w = △τ 1/e = τ 2 (1 + 2 ln λ) 1/2 , the pulse rise width, τ rise = w(1 + k). Fitting the pulse width, the pulse rise width, the pulse decay width (in the logarithm) per channel as a function of the geometric means of the lower and upper BATSE channel boundaries (using 300−1000 keV for channel 4) (Norris et al. 2005) shows the power-law relations indeed exist and the power-law indices are thus obtained (let δ w , δ r , and δ d denote the indices of the power-law relations between w, τ rise , and τ decay and energy, respectively). Therefore, the dependence of the three time quantities on energy can be parameterized by the power-law index. Example plots of the relations between the temporal properties and energy are illustrated in Figure 2 and the three power-law indices are presented in Table 1 .
In order to obtain the consistent time intervals between the light curves and spectra in the same pulse the time-integrated spectra are reanalyzed for each pulse of our sample based on the analysis of Peng et al. (2009a) , which provided a detailed data description and spectral modeling of our sample. Only the so-called Band model (Band et al. 1993 ) is used to model the pulse spectra in this work. In the end there are 51 pulses that are included in our analysis after removing one bad pulse spectrum with Band model in the certain time interval. The three spectral parameters for all of the pulses are also listed in Table 1 . 
ANALYSIS RESULTS

THE RELATIONS AMONG THE POWER-LAW INDICES
Employing a sample consisting of 24 long-lag pulses Zhang & Qin (2007) studied the relations between the pulse temporal properties (width, rise width, decay width and peak time) and energy and found the pulse temporal properties are power-law functions of energy. In this section, we recheck the relations for the following two reasons. Firstly, the sample we used is much larger than that of Zhang & Qin (2007) . Secondly, the FRED bursts are temporally and spectrally distinguished from long-lag bursts (Peng et al. 2010 ).
Displayed in Figure 3 are the histograms of the three indices. The distribution parameters are listed in Table 2 . From Figure 3 and Table 2 we find the distributions of these indices share the similar distribution width but they have large dispersions. The large dispersions imply that the energy dependence of the temporal properties may not be the same for different bursts. In addition, it is found that most of the power-law indices are much smaller than those of long-lag pulse derived by Zhang & Qin (2007) .
We also examine the relationships between the power-law indices of the temporal properties on energy. Figure 4 shows the relationships between them. The Spearman rank-order correlation analysis of the three quantities are listed in Table 3 . The straight lines are fitted to the points: (1) δ r = (0.11
is strongly correlated with δ w and the slope between them is close to 1. And so the two indices may be viewed as mutual surrogates. While the other two index pairs are obviously less correlated, which strongly indicates that the temporal properties (rise and the decay times) of the pulses do not evolve independently from each other, instead, their evolution is tightly coupled. square represent the pulse width, the pulse rise width, the pulse decay width, respectively.
The power-law relations between them are evident. Note. -R S and P S denote the Spearman rank-order correlation coefficient and significance, respectively. Note. -R S and P S denote the Spearman rank-order correlation coefficient and significance, respectively.
THE RELATIONS AMONG THE POWER-LAW INDICES AND THE BAND SPECTRAL PARAMETERS
Since the power-law indices reflect the spectral evolution of GRB pulse we wonder whether they are related to the spectral parameters or not. With the temporal and spectral parameters obtained in the previous section, we can examine the relationships between the power-law indices and the spectral shape parameters, low-energy index α, high-energy index β, and peak energy E p . Illustrated in Figure 5 are the scatter plots of the power-law indices versus α. The Spearman rank-order correlation parameters are listed in Table 4 .
The regression analysis gives the best-fitting lines: (1) The strong anticorrelated relations are identified between δ d and α as well as δ w and α. However, there seem no correlation between δ r and α and the dispersion is much larger than the other two parameter pairs. In addition, the slope and intercept of δ r and α has apparent difference compared with that of δ d and α. A possible interpretation of the phenomenon is that the mechanism causing the dependence of the rise width on energy might be different from the other temporal properties on energy. Another possible reason is that the mechanism of producing the rise phase is different from that of the decay phase. Examining of the power-law indices versus the other two shaped parameters β and E p ,
shows that all of the power-law indices are weakly correlated with the β (see, Figure 6 and Table 4 ). However, no apparent correlations are found between the three power-law indices and E p (see, Figure 7 and Table 4 ).
IMPLICATIONS OF THE STATISTICAL CORRELATIONS
The origin of the found correlations between the power-law indices and the Bandspectrum parameters could be related to the GRB pulse formation mechanism. The mechanisms of the rise phase and decay phase of the pulse are different. The rise phase of the pulse is believed to be related to gamma-ray active time of emission region, while the decay phase originates from the curvature effect. The found strong δ d − α correlation and weak δ r − α correlation also suggest the different origins of the rise phase and decay phase.
It is interesting to speculate the physical origin of the strong δ d − α correlation. Since δ d is a quantity describing the decay phase, we consider the effect of the curvature effect on the energy dependence of the pulse.
The energy dependent of pulse width due to the curvature effect
In order to study the energy dependent of pulse width due to the curvature effect, we first calculate the decay profile of a pulse from a thin spherical surface expanding with relativistic speed. Define an emissivity
where ′ E ′ is the surface brightness per unit photon energy interval in the comoving frame. Since the observed GRB spectrum is broken power law form, it is not unreasonable to assume ′ E ′ to be the following form:
where ′ 0 is the normalized coefficient, E ′ p is the intrinsic cutoff energy (comoving frame), and α and β are the low and high energy photon number spectrum slopes, respectively. As we know, more generally GRB spectrum is described by the so-called Band function:
However we will find below, the broken power law spectra gives more explicit physical meaning than the Band function.
The observed photon flux density can be given by
Here D = 1/[Γ(1 − β Γ µ)] is the Doppler factor and the transformations j E = D 2 j ′ E ′ and E = DE ′ are used. The photon flux per unit photon energy can be given by
The observed time is T = t − Rµ/c and T = 0 was chosen as the time of arrival at the observer of a photon emitted at µ = 1, t = t 0 and R = R 0 . Thus we have
is used in the above derivation. Using dµ = cdt/R, dt ′ = dt/Γ, dR ′ = ΓdR, and
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where
is the normalized coefficient. One can find, from the above equation, the observed photon flux behaves as
for a given observed photon energy E. The observed photon flux within an energy interval of E 1 − E 2 can be written as
The decay phase of light curve in GRB is usually believed to be the result of curvature effect, i.e., the photons at higher latitude arrive at the observer more later with lower flux due to the spherical emitting area and Doppler effect. If we consider the light curve for a given observed energy, then the comoving (or intrinsic) photon energy contributing to the given observed photon energy moves toward higher energy end with the decay of light curve due to the Doppler effect. The movement would experience a break so long as the given energy is less than E p since the intrinsic spectrum is a broken power law form. The light curve will first decay with N E ∝ (1 + T /T ang ) α−1 , and then with N E ∝ (1 + T /T ang ) β−1 so long as the given observed energy satisfies E < E p . The transition time, defined as T ep , is the time when the intrinsic photon energy contributing to the flux at E just moves to E ′ p . However, usually the full width half maximum (FWHM, defined as T 1/2 ) of a pulse or the width when the flux decays to 1/e of peak flux (defined as T 1/e ), as used in this paper, are considered to be the widthes of the pulse. These artificial definitions of pulse width could lead to the result that the energy dependence of pulse width with energy does not be 
then the FWHM is only determined by the low energy section, otherwise, the FWHM of light curve will be affected by the high energy part of the intrinsic spectrum. If two photons, say E a and E b , both satisfy α < 1 − ln2/ln[E p /E a (b)], then we can't measured the energy dependence of pulse width. Only if one of the photon energies or both of them satisfy the condition α > 1 − ln2/ln[E p /E a (b)], the energy dependence of pulse width would be measured. If we consider the time T 1/e , then T ep < T 1/e gives
In this condition, the closer to E p the photon energy (i.e., the higher energy), the narrower the pulse width of this energy, shown in Figure 8 . This naturally explains the energy dependence of pulse width. If two energy bands are both more energetic than E p , then the pulse widthes in these two bands will be the same, i.e., no pulse broadening with energy presents in current consideration.
BATSE bursts, the typical E p is ∼ 200 keV, the typical low energy slope is −1 and four energy channels are (25-50, 50-100, 100-300, and 300-1000 keV) (Preece et al. 2000) . The condition (10) give E p > 121 keV for the typical parameters. Therefor for energy channels 1 and 2, the condition is not satisfied and thus the pulse broadening in low energy band will not be measured in the two channels. However, it is so only for typical parameters. For a specific burst, α > 1 − 1/ln(E p /E a ) may be satisfied. Channel 3 crosses the typical E p , while channel 4 is larger than it and thus only decays with N E ∝ (1 + T /T ang ) β−1 . Thus the pulse width will generally decrease from energy channel 4 to channel 2. In current consideration, our results indicate no broadening measured in channels 1 and 2 for the bursts with typical parameters. However, there are two possibilities to lead to the broadening in channels 1 and 2.
One possibility is that the shell of internal shock is not a spherical symmetry, which is proposed by some authors, e.g., Fenimore & Sumner (1997) and Kocevski, Ryde & Liang (2003) . Kocevski, Ryde & Liang 2003 found that only ∼ 40% bursts are consistent with the spherical curvature. Their results point to a picture that the shell is a prolate geometry for a large number of bursts. In this case, the Doppler factor is decreasing faster than the spherical geometry so that the condition of (10) is easier to satisfy. Thus the prolate shell could lead to the broadening in channels 1 and 2. Another one is that the intrinsic spectrum can be evolving. If the intrinsic spectrum is evolving, e.g., E p decreasing with time, then the condition (10) can be satisfied so that the pulses in channels 1 and 2 also broaden with energy. However, we do not know how the intrinsic spectrum evolves and how fast it does. The curvature effect naturally gives rise to an observed spectral evolution due to the Doppler effect, which gives an E p decay with T −1 for a spherical curvature. If intrinsic spectral evolution gives a steeper observed one than T −1 , then it will be masked and thus yield to T −1 given by curvature effect.
The above analysis assumes the intrinsic spectrum is broken power law, so the light curve broken of decay phase at T ep can be seen clearly (see Fig. 8 ). Actually the GRB spectrum is generally smoothly connected at the broken energy, namely, the Band spectrum, and the observed light curve is usually from an energy interval, not a single energy, so the observed decay phase is usually smooth. Note that total pulse width in GRB is dominated by decay phase. Thus the curvature effect+Band spectrum we consider here can provide a natural explanation to the energy dependence of GRB total pulse width, not only the decay width. 
δ d − α relation
We have shown the Band spectrum+curvature effect is a reason of pulse broadening with photon energy. Different Band function parameters will cause the differences of the degree of pulse broadening. However, the effects of the three Band function parameters, α, β and E p , on the degree of pulse broadening are different. The main effect seems to come from the low-energy slope. The reason is the low-energy section is usually flatter than the high one, i.e., α > β. Thus the decay, N E ∝ (1 + T /T ang ) α−1 , is also more shallow than N E ∝ (1 + T /T ang ) β−1 with the pulse decay width dominated by α, unless the given energy E > E p . One can come to the conclusion that the larger α, the more significant the broadening with energy. Suppose two extreme cases: α = β, i.e., the spectrum is a single power law; α = 1 and β = ∞, i.e., the spectrum is composed of a horizon line and the vertical line. The pulse width would be the same for different energy bands in the former case, while the broadening of pulse with energy is the most significant in the latter case. Other cases lies between the two cases. It is difficult to find directly whether this is consistent with the observed anticorrelation in the earlier sections. We thus make a calculation to test that.
In order to compare with the observations, we calculate the count rate within four energy channels (25-50, 50-100, 100-300, and 300-1000 keV) with equation 9. Further we calculate the decay width of pulse within the four energy channels, fit linearly the width-energy relation and then find the power law slope, δ d . What we concern here is the effect of the combination of them on the pulse. We find that the curvature effect+Band spectrum can indeed result in such an anti-correlated trend of α − δ d .
Discussion and Conclusions
In this paper, we have selected 51 well-separated long-duration FRED GRB pulses from the available sample of BATSE and analyzed the pulse temporal and spectral parameters with the aim to search for their connections. Our analysis first shows that the pulse width, pulse rise width and pulse decay width with energy all scale as a power law with the power-law slopes of δ w , δ r and δ d , respectively. In addition, the slopes are correlated to each other but the correlation between δ w and δ d is much stronger than that of δ w and δ r as well as δ r and δ d , which may be due to the pulse width is dominated by the decay phase and the rise and decay phase have different origins.
Then we investigate the relations between the power-law indices and the three Band spectral parameters. Our results show that the power-law indices, δ w , δ d are strongly correlated with the low-energy index α and much less correlated with high energy slope β.
The δ r weakly correlates with β but does not show apparent correlated with α. We do not find that there are apparent correlated relations between the peak energy E p and three power-law indices based on our current sample (see, Figure 7 and Table 4 ).
However, we think the demonstrations that δ w , δ r , and δ d are independent of E p may be weak only based on our current sample. Several reasons may cause the case. Firstly, it is well known that the BATSE E p distribution is narrow (e.g. Band et al. 1993 , Mallozzi et al. 1995 , Schafer 2003 , and thus it can be hard to clearly identify the correlations in data drawn from a narrow distribution. Secondly, the sample is likely biased toward low E p -valued pulses. The sampled pulses have been selected on the basis of long durations and bright peak fluxes. Because of pulse property correlations, such pulses tend to be softer than the mean (Hakkila and Preece, 2011) . This pulse selection bias can have contributed to the narrowness of the sample. Lastly, some of the highest E p pulses in this sample may have been incorrectly identified as single pulses, when in actuality they represent merged pulses.
If the hard-to-soft pulse evolution demonstrated by Peng et al. (2009a) is normal, then a pulse made from two merged pulsed will experience a re-hardening when the second pulse kicks in (Hakkila and Preece 2011; Ukwatta 2011) , which can give these pulses higher E p values than the other single pulses to which they are being compared. Due to the bad fits to those merged pulses with given pulse model we are not sure how the merging of pulses affects the δ values from the data analysis. But we can give some reasonable deductions.
Firstly, it seems that the smallest δ value from a merged pulse occurs when pulses overlap completely (i.e. when they peak at the same time). Otherwise, the pulses should appear to be longer in all energy channels, and the pulse separation will make a larger contribution to the pulse broadening than the energy-dependent broadening embedded within it. Secondly, we find that the correlations between E p and δs are still positive and the correlations get much weaker after removing those merged pulses with high E p values. Therefore, if the merged pulses can cause high E p and the positive correlations between E p and δs indeed exist the overlapping pulses may also make the δs small. Based on the above analysis we think the merged pulses would make the δ values decrease. In order to identify further the correlations between E p and δs more wider energy band and cleaner singe pulse data are needed.
We further investigate the implications of the statistical relations. We find that the energy dependence of decay width (also the pulse width since it is dominated by the decay section) can be caused by the curvature effect+Band spectrum. Usually we study the observed light curve for a given energy or energy internal (e.g., BATSE has 4 energy channels). The light curve decays due to the delay arrival of high-latitude photons with lower flux, i.e., curvature effect. For a given observed energy less than the peak energy of Band spectrum, the intrinsic photon energy contributing to the energy will move from low energy part of Band spectrum to high energy one due to the lower Doppler factor at high latitude. This will naturally lead to the energy dependence of decay width and thus the pulse width. This in turn supports the decay phase is indeed due to the curvature effect, or at least related to it. In addition, different Band function parameters may lead to the different degree of pulse broadening. The main effect seems to be from the low-energy slope as analyzed above. The strong correlation between δ d and α also appears to result from the curvature effect and Band spectrum (see Fig.9 ).
The rise phase of the GRB pulse contributes less to the pulse width than the decay phase. However it is important and is considered to be relevant to the hydrodynamic time of shock crossing shell. Statistical studies have found that the rise phase is also related to the time-resolved Band spectrum in single pulse. For instance, some authors found that the time-resolved peak energy of pulse is tracking the pulse profile within a pulse for some bursts (Kaneko et al. 2006; Peng et al. 2009b , however, see Hakkila & Preece 2011 . In current investigations, we didn't find correlations between broadening of the rise phase and the (time-integrated) Band spectrum parameters for different pulses, suggesting that the formation of the rise phase is related to emission mechanism, while its energy dependence is independent of emission mechanism. The energy dependence of rise phase may arise from the intrinsic spectral evolution. As pointed by Fenimore & Sumner (1997) , the intrinsic spectral evolution affects the rise phase much more significant than the decay phase.
A deduction of the correlation between δ d and α we found is that the energy dependence of pulse with single power law (corresponding to α = β in Band spectrum) spectrum is systematically weaker than that with Band spectrum. If it is verified, this will support that the intrinsic Band spectrum and the curvature effect is indeed an important factor leading to the photon energy dependence of GRB pulses. Also it in turn supports that the decay phase of pulse is produced by the curvature effect. We will consider it in a future paper with Fermi/GBM or Konus-Wind data.
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